Blowoff and escape of H2 by Hunten, D. M.
2.9 BLOWOFF AND ESCAPE OF Hz 
D. M. Hunten 
In t roduct ion  
This discussion is  a summary of a recent  paper (Hunten 1973a, herein 
r e fe r r ed  t o  as  Paper I )  on t h e  escape of hydrogen from Titan.  Some extensions 
and r e l a t e d  mater ia l  w i l l  appear i n  two o t h e r  papers. Paper I 1  (Hunten 197313) 
improves one of t he  der iva t ions  and appl ies  t h e  ideas  t o  seve ra l  d i f f e r e n t  
atmospheres. Paper 111 (Hunten and St robel  1974) i s  a d e t a i l e d  ana lys i s  f o r  
t he  Earth,  which v e r i f i e s  t h e  general p r inc ip l e s  discussed here  and i n  Paper I .  
T ra f ton l s  (1972) announcement of t he  poss ib le  presence of Hz on Ti tan  
included a discussion of i t s  los s  by Jeans escape. He d id  not  f i nd  a way t o  
spec i fy  t h e  height  of  t h e  c r i t i c a l  l e v e l ,  from which t h i s  molecular l o s s  can 
be regarded as occurring.  In addi t ion ,  he i m p l i c i t l y  r e j ec t ed  the  p o s s i b i l i t y  
of  hydrodynamic l o s s ,  o r  llblowoffll,  which can give much g r e a t e r  l o s s  r a t e s  
under c e r t a i n  condit ions.  The treatment of  Paper I suppl ies  both these  miss- 
ing  ingredients .  F i r s t ,  it i s  shown t h a t  a pure hydrogen atmosphere cannot be 
r e t a ined  by Titan,  but w i l l  blow o f f  i n  a few hours. Addition of a heavier  
gas,  such a s  CH4 o r  N p ,  i n  comparable abundance gives a g rea t  improvement, 
although t h e  escape r a t e  can s t i l l  be la rge .  Moreover, t h e  ac tual  f l ux  can 
be predic ted  with confidence from t h e  mixing r a t i o  o f  Hz t o  heavy gas. 
Hz Blowoff 
The i n s t a b i l i t y  of an Hz atmosphere follows from i t s  l a rge  s c a l e  height  
HI 7 kT/mlg, which is not  much smal ler  than the  radius  ro o f  Titan.  A con- ' 
venient  va r i ab le  i s  A ,  which is  e s s e n t i a l l y  the  r a t i o  o f  g rav i t a t iona l  and 
thermal energies : 
The symbols are :  k ,  Boltzmannls constant;  T, temperature; m l ,  t he  mass o f  an 
Hz molecule; g, t h e  acce le ra t ion  of g rav i ty ;  G ,  t h e  g rav i t a t iona l  constant;  
M, t he  mass of T i t an ;  r, t h e  d is tance  from i t s  center .  My i l l u s t r a t i o n s  were 
f o r  a somewhat a r b i t r a r y  constant  temperature, T = 100°K, but a r e  no t  gross ly  
changed f o r  o the r  l i k e l y  temperatures. For t h i s  temperature, A. = 8.6 a t  t he  
surface ,  and It va r i e s  as l/r. Indeed, t h e  hydros t a t i c  equation f o r  t he  num- 
be r  dens i ty  n can be wr i t t en  
Even a t  an i n f i n i t e  d is tance  A,-A i s  only 8.6,  and t h e  dens i ty  i s  only reduced 
by t h e  f a c t o r  exp(8.6) = 5400. The s t a t i c  s i t u a t i o n  i s  uns table ,  and w i l l  be 
replaced by a p lanetary  wind, whose descr ip t ion  resembles t h a t  of  t h e  s o l a r  
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wind. In t h a t  phenomenon, t h e  speed i s  found t o  be sonic  a t  X = 2, a d is tance  
of 4 . 3  ro o r  11,000 km from t h e  cen te r  o f  Titan.  The time constant  f o r  t h i s  
blowoff i s  found t o  be only 4 hours. 
This descr ip t ion  is  unl ike ly  t o  be modified by changes i n  the  temperature 
p r o f i l e ,  unless  t h e  expansion i s  s o  rapid  t h a t  ad iaba t i c  cooling overcomes con- 
duction and s o l a r  heat ing  t o  produce boundary temperature of 10-20°K.. . 
Danielson: I t  w i l l  f a l l  back i n  then.  
Hunten: Yes, perhaps as  clouds o f  condensed hydrogen (Sagan 1973). I don ' t  
think the  s i t u a t i o n  i s  s t ab le ,  because without very rapid  outflow the  ad iaba t i c  
cooling cannot overcome t h e  hea t  sources.  A p rep r in t  by Gross (1973) begins t o  
a t t ack  t h i s  problem by modeling t h e  atmosphere as  a polytrope.  In a sense,  my 
adoption of a constant  temperature implies an exact  balance of ad iaba t i c  cool- 
ing  with s o l a r  heat ing .  
Pollack:  The normal balance i n  a p lanetary  atmosphere is  between heat ing  by 
the  Sun and rad5ation i n  the ' infrared;  I r e a l l y  don' t  understand t h i s  ad iaba t i c  
atmosphere. 
Hunten: That 's  normally t r u e ;  but  I suspect  t h a t  ad iaba t i c  cooling would be- 
come important as well i n  t h i s  blowoff s i t u a t i o n .  I don ' t  r e a l l y  be l ieve  i n  
the  pure hydrogen atmosphere anyway, because i t  would requi re  a huge source.  
S t robel :  Adiabatic cooling can be important i f  t h e  time sca l e  of t he  expansion 
i s  sho r t  compared t o  t h e  time constant  f o r  heat ing .  
Hunten: That's the  idea;  t h e  time s c a l e  f o r  t h i s  flow i s  l e s s  than an Earth 
day. I f  the  same reasoning i s  applied t o  heavier  and heavier  gases, with t h e i r  
l a r g e r  values of A, s t a b i l i t y  against  blowoff i s  found f o r  masses g r e a t e r  than 6,  
although evaporation by the  Jeans process can s t i l l  take  place.  Thus, methane, 
with i t s  mass of 16, i s  s a f e  unless t he  temperature i s  considerably g r e a t e r  than 
100°K. This temperature i s  a kind of mean f o r  t he  whole atmosphere, t o  be used 
i n  t h e  barometric equation. 
Trafton:  The barometric equation doesn' t  apply i n  such a non-equilibrium s i t u -  
a t ion .  
Hunten: That ' s  t r u e ;  properly speaking, t he  acce le ra t ion  of t h e  gas must be 
included,  and we ge t  t h e  equation of motion used f o r  t h e  s o l a r  wind. But t he  
va r i a t ion  of dens i ty  with he ight  i s n ' t  much d i f f e r e n t ,  e spec ia l ly  f o r  t h e  
heavier  gases t h a t  a r e * s t a b l e ,  o r  almost s t a b l e ,  agains t  blowoff. 
H, Escape Flux from a  Etixed Atmosphere 
Now, t o  tu rn  t o  t h e  case of a  mixture of H2 with a  heavier  gas: i f  t he  
composition doesn' t  vary with he ight ,  t h e  mean mass can be used t o  t e s t  f o r  
blowoff. Thus, a  50 :50 mixture (by number) o f  H2 and CH4, with a  mean mass 
of 9 ,  should be s t ab le .  But what about t he  tendency of t h e  H2 t o  r i s e  through 
t h e  CH4, t ake  up i ts  own s c a l e  he ight ,  and agproach the  s t a t e  of  d i f f u s i v e  equi- 
l ibrium? This is t h e  r e a l l y  new idea  i n  Paper I ,  where I  introduce the  idea  of 
" l imi t ing  flux". (Actually,  t h e  idea  has been used f o r  t e r r e s t r i a l  hydrogen 
f o r  years;  t he  new th ing  i s  j u s t  t he  appl ica t ion  t o  o the r  s i t u a t i o n s . )  The H2 
escapes f r e e l y  from t h e  top of the  atmosphere; t hus ,  it i s  l i k e  a  gas flowing 
through a  b a r r i e r  i n t o  a  vacuum. We must assume an equal source i n  the  lower 
atmosphere o r  i n  t h e  i n t e r i o r  o f  Ti tan .  The r e s i s t ance  o f  t h e  methane (o r  
o the r  gas) t o  flow i s  inverse ly  propor t ional  t o  the  d i f fus ion  coe f f i c i en t  D l  = 
bl  (nl  + na). Here b l  is  a  constant ,  t h e  "binary c o l l i s i o n  coeff ic ient" ,  and 
n l  and na a re  the  number of dens i t i e s  of H2 and the  background atmosphere. The 
r e s i s t ance  therefore  i s  l e s s  a t  g rea t e r  a l t i t u d e s ,  &d the  same H2 f l u  i s  car-  
r i e d  by a  smal ler  dens i ty  a t  a  h igher  speed. In the  l i m i t  of  easy escape from 
the  top,  t h e  r e s u l t  i s  a  " l imi t ing  f lux" $& and a  constant mixing r a t i o  f l  = 
nl /na .  (Note t h a t  f l  i s  the  r a t i o  of H2 t o  everything e l s e ,  not  t o  t h e  t o t a l . )  
Spec i f i ca l ly ,  
Unless f l  approaches o r  exceeds un i ty ,  t h i s  f l ux  i s  propor t ional  t o  f l ,  and 
the re fo re  r e a l l y  represents  a  " l imi t ing  velocity",  inverse ly  propor t ional  t o  
na a s  j u s t  discussed. 
In Paper 111, S t robel  and I r e l a t e  t h i s  s i m ~ l e ,  but generah, descr ip t ion  
t o  a  de t a i l ed  model f o r  t h e  Ea r th ' s  atmosphere, and f ind  t h a t  t h e  descr ip t ion  
i s  very s a t i s f a c t o r y .  1f  t h e r e  is a  temperature gradient ,  Equation 3 includes 
another small term involving thermal d i f fus ion  (Paper 11). 
I f  t h e  ac tua l  f lux  is  l e s s  than $&, t h e  H2 dens i ty  does not  f a l l  o f f  as  
rapid ly  with increas ing  height ,  and much, l a r g e r  dens i t i e s  a re  obtained a t  grea t  
a l t i t u d e s .  This ,is the  way t h e  system tends t o  r eac t  i f  escape from t h e  top i s  
l e s s  than easy; t he  d e n s i t i e s  are  l a r g e r  and tend t o  maintain almost t h e  same 
f lux .  The Jeans equation t e l l s  us t h e  dens i ty  required f o r  a  given f lux ,  not 
t h e  f lux  t h a t  i s  obtained f o r  a  given dens i ty .  I f  escape is  s t i l l  more d i f f i -  
c u l t ,  t h e  system r e v e r t s  t o  the  usual  descr ip t ion ,  i n  which t h e  (lux i s  derived 
from the  dens i ty .  But t h i s  s i t u a t i o n  i s  highly improbable f o r  H2 (and He) on 
Titan.  
I f  t h e  l imi t ing  f lux  i s  s t r i c t l y  r ea l i zed ,  s o  t h a t  t h e  mixing r a t i o  i s  
independent of he ight ,  then it does not  mat ter  whether o r  not  t h e  atmosphere 
i s  v e r t i c a l l y  mixed by eddy d i f fus ion  o r  o the r  forms o f  v e ~ t i c a l  motion. These 
processes tend t o  produce a  constant  mixing r a t i o  too ,  but they make no d i f -  
ference i f  t h a t  is  already t h e  case. Usually we lump a l l  t he  mixing processes 
i n t o  an eddy coe f f i c i en t ,  whose value i s  always a  problem when we study an 
upper atmosphere. For our purpose, it i s  i r r e l e v a n t .  
Danielson: Surely t h a t ' s  only t r u e  up t o  some l imi t ing  mixing r a t e ?  
Hunten: Yes - i f  t he  mixing is  too  in t ense ,  t h e r e  may be no p a r t  of t h e  atmos- 
phere where Equation 3  can be applied t o  get t h e  ac tual  f lux .  This i s  t r u e  " fo r  
helium, and heavier  gases, on Earth. I  don ' t  want t o  go i n t o  d e t a i l s  now, but 
t he re  i s  a  discussion i n  Paper 11, with a  c r i t e r i o n  t o  t e l l  which s i t u a t i o n  
appl ies  t o  a  given gas. 
Pollack: In the  lower pa r t  o f  t h e  atmosphere, where mixing dominates over d i f -  
fusion,  how do you get  a  value f o r  t he  f lux? 
Hunten: You're pe r fec t ly  r igh t  -- i n  such a  region t h e  f lux  can be almost any- 
th ing ,  but t he  H2 mixing r a t i o  i s  constant .  To f i n d  t h e  f lux ,  we must f i nd  a  
region dominated by molecular fd i f fus ion ,  namely t h e  region above the  homopause 
(or  turbopause). Some people c a l l  it t h e  heterosphere,  o thers  t h e  diffusosphere.  
In t h i s  region Equation 3  can be applied t o  ge t  t he  f lux .  Paper I  gives values 
of t he  coe f f i c i en t  t h a t  mu l t ip l i e s  f l / ( f l  + 1 ) ;  i t  i s  a  l i t t l e  under 2  x  1012 
,cm-2 sec - l  f o r  a  CH4 atmosphere, and twice as grea t  f o r  N 2 .  The temperature 
dependence i s  very s l i g h t ,  because b l  va r i e s  as  TO.^ and Ha as T. I f  we focus 
on the  methane atmosphere, we obta in  t h e  following typ ica l  l imi t ing  f luxes ,  i n  
molecules cm-2 sec - l :  
The t h i r d  case uses the  5 km-A o f  Hz from Trafton (1972a) and the  2  km-A 
of CH4 from Trafton (1972b). The second i s  t h e  composition favored i n  Pol lack ' s  
(1973) greenhouse model. The l a s t  ent ry ,  with a  mean mass of 3.3, would have t o  
be examined c r i t i c a l l y ,  because it is subjec t  t o  blowoff. Even though the  Hz i s  
blowing away, it does not  necessa r i ly  car ry  along the  CH4, became they can p a r t  
company a t  very high a l t i t u d e s  (Paper 11).  
Paper I  contains a  model o f  the  ou te r  atmosphere, o r  corona, f o r  t h e  modest 
f lux  of 1.3 x  1011 secy l .  The methane i s  confined t o  low a l t i t u d e s ,  and 
above t h a t  t he  H;! t akes  up i ts  own s c a l e  he ight .  A t  4 .3 Titan r a d i i ,  where X = 2, 
i s  t he  c r i t i c a l  l eve l ,  and the  ef fus ion  ve loc i ty  i s  100 n/sec. Thus, t h e  lo s s  i s  
s t i l l  s l i g h t l y  sho r t  o f  being hydrodynamic. I f  t h e  corona is  not isothermal,  as  
we discussed e a r l i e r ,  t h e  c r i t i c a l  l eve l  w i l l  ad jus t  i t s e l f ,  but I  don' t  expect 
any major d i f ference .  
Possible Sources of H2 
I  am convinced t h a t  the  f luxes  shown i n  t h e  t a b l e  above a r e  correc t  f o r  
the  mixing r a t i o s  'assumed. I f  we bel ieve  Traf ton ' s  da ta  o r  Pol lack ' s  model, we 
must a l so  be l ieve  t h a t  Titan has a  source of H2 amounting t o  1012 molecules cm-2 
sec - l .  I f  we do not  l i k e  t h a t ,  we must add something l i k e  the  50 km-A o f  N2 
t h a t  I suggested l a s t  year (Hunten 1972). The f lux  is then 1 .7  x  1011 cm-? 
sec - l ,  which i s  s t i l l  la rge .  
Danielson: You can l i v e  with Traf ton ' s  abundances? 
Hunten: Yes, i f  t he  f lux  i s  acceptable.  
Trafton: But those abundances are  very uncer ta in .  There could be l e s s  methane 
i f  some o the r  gas is present ,  and the  labora tory  c a l i b r a t i o n  i s  another source 
of e r r o r .  For H 2 ,  t he  e r r o r  could e a s i l y  be a f a c t o r  of 2 because it i s  hard 
t o  determine the  continuum pos i t i on .  
Hunten: Anyway, your da ta  and Pol lack ' s  greenhouse model seem t o  t $ l l  us t o  
look f o r  a s t rong source of H2. Methane photolys is  begins a t  1550 A, and the  
Sun provides only 10 l0  photons cm-2 sec- l  a t  s h o r t e r  wavelengths, too  small by 
a f a c t o r  of  l o o . . .  
Sagan: What about i n d i r e c t  photolys is ,  s ens i t i zed  by some o the r  molecule? 
Hunten: Perhaps, but we can a l so  think about NH3. Paper I contains some e s t i -  
mates, based on a suggestion by Lewis (1971). There should be a small amount 
o f  ammonia near  t he  surface ,  and it could j u s t  provide theosource i f  everything 
worked a t  top e f f i c i ency .  The s o l a r  r ad ia t ion  below 2250 A would have t o  reach 
the  surface ,  and the  quantum y i e l d  f o r  H2 production would have t o  be high.  
Neither seems r e a l l y  probable t o  me, and Lewis has been t e l l i n g  me t h e  same 
th ing.  
I am much more disposed t o  favor a source i n  the  i n t e r i o r  of  Ti tan .  Lewis' 
models suggest the  presence o f  a s t rong NH3-H20 so lu t ion ,  which i s  f a i r l y  cor- 
ros ive  and might r eac t  with o the r  th ings  t o  make H2. Again, it seems improbable 
but perhaps we should not  r u l e  i t  out j u s t  ye t .  Radiolysis by a ,  6, and y emis- 
s ions  from radioact ive  decay i s  a l so  a p o s s i b i l i t y .  While a f lux  of 1012 cm-2 
sec- l  seems large  f o r  an atmosphere, i t  is probably t r i v i a l  f o r  an i n t e r i o r .  
I no t i ce  Lewis' eyebrows g e t t i n g  h igher  and higher,  and he may want t o  
say something. Nevertheless, I think we a re  log ica l ly  forced t o  be l ieve  i n  t h e  
presence of some potent  Hg source, i f  we be l i eve  t h a t  l a rge  amounts o f  i t  are  
present  i n  the  atmosphere. 
Possible Recycling from the  Toroid around Saturn 
What about t he  influence of t h e  to ro id  of gas o r b i t i n g  around Saturn,  
suggested by McDonough and Brice (1973) and the  p rep r in t  by Sul l ivan (1973) 
t h a t  j u s t  reached us? Both papers po in t  out t h a t  hydrogen can be recycled 
back t o  T i t an ' s  atmosphere, 2nd suggest t h a t  t he  n e t  l o s s  r a t e  may be much 
l e s s  d r a s t i c  than suggested here  and by o the r s .  I have not  considered t h e  
question adequately, but I suspect  t h a t  t he  response of Titan t o  such recy- 
c l i n g  w i l l  be t o  increase  its outward f lux  t o  compensate, u n t i l  t he  d i f f e r -  
ence between the  outward and recycled f luxes  i s  again equal t o  The 
mechanism i s  t o  bu i ld  up the  coronal dens i ty  by whatever f a c t o r  i s  needed 
t o  r a i s e  the  outward f lux .  I f  t he  ne t  f lux  i s  much l e s s  than $R, t h e  s c a l e  
height  of Hz above the  homopause w i l l  be la rge ,  i n s t ead  of being equal t o  t h a t  
of CH4. E f f i c i en t  recycl ing  would probably requi re  the  dens i ty  o f  t he  to ro id  
t o  approach the  dens i ty  a t  i n f i n i t y  required by (2) ,  with t h e  reference  den- 
s i t y  no taken a t  the  homopause. Toroid dens i t i e s  of  10l0  cm-3 o r  more might 
be required,  f a r  g r e a t e r  than any th ing  suggested by McDonough and Brice. 
Sul l ivan ,  on t h e  o the r  hand, adopts an approach s i m i l a r  t o  t h e  one j u s t  out-  
l ined ,  and obtains a  dens i ty  as  high a s  1011 cmq3. 
McDonough: What s i z e  atmosphere a re  you t a l k i n g  about? 
Hunten: In my example, t he  diameter is  8.6 Ti tan  r a d i i ,  b ig  enough t o  sweep 
up q u i t e  a  l o t  o f  hydrogen i n  your model. But t he  problem I  s ee  i s  t h a t  your 
to ro id  may need a  very high dens i ty  t o  be e f f e c t i v e  i n  recycling.  Your model 
does not  include the  c o l l i s i o n s  between molecules, and they w i l l  dominate the 
s i t u a t i o n  i f  t he  dens i ty  is  as  high a s  I  suspect .  Perhaps the  c o l l i s i o n s  can 
be included, but  the  f i n a l  model may be a  very d i f f e r e n t  one. 
Sagan: A remark on the  source of the  hydrogen. Experiments i n  prebio logica l  
organic chemistry s t a r t  with methane, ammonia, and water, but no hydrogen. As 
the  i r r a d i a t i o n  proceeds, and organic molecules bu i ld  up, and a  s u b s t a n t i a l  
f r ac t ion  of t he  i n i t i a l  mass o f  hydrogen becomes f r ee  Hz .  I f  we bel ieve  t h a t  
organics a re  made t h i s  way on Ti tan ,  we must a l s o  be l ieve  t h a t  Hz i s  being 
produced. 
Hunten: Cer ta in ly .  But t he re  i s  s t i l l  a  question about the  t o t a l  r a t e  of  
production.  A t  unis  quantum e f f i c i ency ,  the  process must use a l l  the  s o l a r  
photons up t o  2300 A t o  ge t  t h e  i n f e r r e d  f luxes  of Hz.  
Sagan: But you can a l s o  do i t  by i n e f f i c i e n t  photolys is  up t o  3400 A, a s  i n  
our experiments, and t h a t ' s  no t  out  of the  ques t ion .  The o the r  p o s s i b i l i t y  i s  
t o  l e t  the  s o l a r  r ad ia t ion  dr ive  t h e  weather and produce thunderstorms. V i s i -  
b l e  l i g h t  can do t h i s  and l e t  you draw on a  much l a r g e r  energy source, can- 
ver ted  i n e f f i c i e n t l y  i n t o  e l e c t r i c a l  discharges.  
Now, what about t he  mater ia l  l e f t  behind by the  escaping hydrogen? I f  
1011 t o  10l2 molecules ~ r n - ~  ?ec-l  escape from Ti tan  over geological  time, how 
much i c e  i s  v o l a t i l i z e d ?  By a  quick ca l cu la t ion ,  the  column seems t o  be sev- 
e r a l  ki lometers deep. . . 
Hunten: O r  a  comparable l aye r  of  organic  compounds (see Paper I ) .  
J 
Sagan: Now, the  idea  of mel t ing  a  few kilometers o r  a  few t ens  o f  ki lometers 
of  p l ane ta ry  surface  over geological  time i s  no t  unknown t o  us on t h e  p l ane t  
Earth.  I don ' t  f i nd  anything b i z a r r e  about a  s i m i l a r  turnover on Ti tan .  What 
about methane and ammonia volcanoes, wi th  l i q u i d  ammonia lava ,  t o  he lp  with 
outgassing? 
Lewis, Sagan: (Discussion of such volcanoes and the  p o s s i b i l i t y  of observing 
them through breaks i n  the  clouds. Lewis f e e l s  t h a t  volcanic a c t i v i t y  i s  a t  
bes t  no e a s i e r  t o  generate under Ti tanian  condit ions than t e r r e s t r i a l  ones.) 
Hunten: A t  any r a t e ,  volcanoes w i l l  merely r e l ease  gas i n t o  t h e  atmosphere. 
They don ' t  he lp  make hydrogen out of  it. 
Lewis: I j u s t  d id  a quick ca l cu la t ion  about r ad io lys i s  i n  the  i n t e r i o r .  I f  
a l l  t h e  energy from radioact ive  decay i n  Ti tan  were deposited i n  t h e  r i g h t  kind 
of mater ia l ,  and with the  usual  r u l e  of thumb t h a t  1 percent  of i t  goes i n t o  
new chemical bonds, t he re  i s  no problem i n  making enough hydrogen f o r  you. In 
f a c t ,  t he re  i s  a f a c t o r  of  1000 t o  spare.  
Hunten: Provided the  radioact ive  mater ia l  i s  not  segregated from the  H20, NH3, 
and CHq. 
Lewis: There should be p lenty  of water of  hydration r i g h t  i n  the  s i l i c a t e s ,  
provided the  i n t e r n a l  temperature d id  no t  ge t  high enough t o  dehydrate s i l i -  
ca tes  and physica l ly  separa te  a l l  t h e  water.  
(Post-meeting Note: Regrettably,  a l a t e r  check on t h i s  es t imate  showed it t o  
be f a r  too  op t imis t i c .  Lewis takes a chondr i t i c  radioact ive  energy r e l ease  o f  
5 x e rg  gm-l s ec - l  d i l u t e d  by 3 times the  mass of i c e s .  I f  25% of the  
energy is  i n  1 MeV 6 p a r t i c l e s ,  and i f  they have a 1% rad io lys i s  e f f i c i ency ,  
the  production r a t e  p e r  cm2 of surface  is  5 x l o 8  H2 molecules. While t h i s  
es t imate  might be r a i sed  somewhat by a d e t a i l e d  ca lcula t ion ,  it is f a r  sho r t  
o f  the  des i red  1011 - 1012 cm-2 sec.  The N2 source mentioned below by Lewis 
is s t i l l  of i n t e r e s t :  the  f lux  est imated above, divided by 3, would give an 
accumulation of 10 km-atm.) 
Trafton:  What about o the r  i c y  s a t e l l i t e s ;  shouldn ' t  hydrogen be produced in  
them by t h e  same process? 
Hunten, o thers :  Some s a t e l l i t e s  may not  have i n t e r n a l  convection t o  b r ing  the  
gas nea r  t h e  surface .  In any case,  unless t he re  i s  an abundant heavy gas,  l i k e  
methane, t o  r e t a r d  the  lo s s  of  HZ, a measurable dens i ty  of hydrogen cannot be 
b u i l t  up. 
Lewis: According t o  experiments G,I, f o r  example, organic c r y s t a l s ,  r ad io lys i s  
by 1 MeV B p a r t i c l e s  is  almost 100 percent  e f f i c i e n t  i n  i n i t i a l l y  breaking 
chemical bonds. Many of them ther. recombine, but  new compounds are  a l s o  formed. 
One l a s t  word on r ad io lys i s .  I f  it is taking place,  I expect water t o  be 
the  compound t h a t  i s  broken up t o  make H2. The oxygen w i l l  r e a c t  with ammonia 
r a t h e r  e f f i c i e n t l y  t o  make n i t rogen.  
Danielson: Then why don ' t  we ge t  t he  same th ing with t h e  Gali lean s a t e l l i t e s ' ?  
We should see  n i t rogen there .  
Pollack: Yes, why don' t  some of the  J u p i t e r  s a t e l l i t e s  have n i t rogen i n  t h e i r  
atmospheres? For two o f  them, the re  a re  occul ta t ion  experiments t h a t  have s e t  
very severe l i m i t s  on t h e  surface  pressure .  
Lewis: There a re  seve ra l  poss ib le  answers; a  s a t e l l i t e  may not  contain ammonia, 
o r  the  r ad ioac t iv i ty  may be segregated from the  water and ammonia. Several  con- 
d i t i ons  must be s a t i s f i e d  f o r  r ad io lys i s  t o  be e f f e c t i v e .  I am only g iv ing a 
p l a u s i b i l i t y  argument f o r  a source o f  Hg and N2.  
Blamont: But s eve ra l  s a t e l l i t e s  may contain a hydrogen source? 
Lewis: Yes, i f  only by r ad io lys i s  of  water. 
